BACKGROUND: Hypoxemia is the most common complication during endotracheal intubation of critically ill adults. Intubation in the ramped position has been hypothesized to prevent hypoxemia by increasing functional residual capacity and decreasing the duration of intubation, but has never been studied outside of the operating room.
Hypoxemia complicates nearly one-half of all endotracheal intubations in the ICU. 1, 2 Physiologic abnormalities that decrease the volume of available oxygen (eg, diminished functional residual capacity) and anatomic characteristics that prolong the time required for intubation (eg, poor glottic view) may increase a critically ill patient's risk of periprocedural desaturation, cardiac arrest, and death. 3, 4 Patient position during endotracheal intubation may affect the risk of hypoxemia by modifying both the volume of available oxygen [5] [6] [7] [8] [9] [10] and the time required for intubation. [11] [12] [13] Currently, the two most common patient positions during emergent intubation are the sniffing position (torso supine, neck flexed forward, and head extended) 14, 15 and the ramped position (torso and head elevated). 13, [16] [17] [18] During elective intubations in the operating room, the ramped position increases functional residual capacity, thereby postponing desaturation compared with the sniffing position. [19] [20] [21] [22] The ramped position may also achieve better anatomic alignment of the upper airway, improving glottic view and shortening the time to successful intubation among both adults who are obese 11, 23 and not obese. 12, 16, 24 Despite these promising data from studies of preoperative intubation, ramped positioning during intubation outside the operating room has been examined in only two prior studies, both observational cohorts that reported fewer complications with use of the ramped position. 13, 25 Because optimal patient position during urgent and emergent intubation remains unclear, 15, 17, 26, 27 we conducted a multicenter, randomized trial comparing the ramped position with the sniffing position during endotracheal intubation of critically ill adults. We hypothesized that the lowest arterial oxygen saturation would be higher with the ramped position.
Materials and Methods

Study Design
The Checklists and Upright Positioning in endotracheal intubation of critically ill patients (Check-UP) study was a randomized, multicenter, pragmatic trial comparing the ramped position with the sniffing position during endotracheal intubation of critically ill adults. The trial was factorialized to also compare use of a written preintubation checklist with usual care, details of which will be reported separately. The study protocol was approved with waiver of informed consent by the institutional review boards at each study site (e-Appendixes 1 and 2).
Study Participants
From July 22, 2015, to July 19, 2016, we enrolled patients undergoing endotracheal intubation in ICUs of four tertiary care centers in the United States (study site characteristics in e-Appendix 1). Patients $ 18 years of age undergoing endotracheal intubation by a pulmonary and critical care medicine fellow with the planned use of sedation and neuromuscular blockade were eligible. Patients were excluded if (1) intubation was required too emergently to perform randomization or (2) treating clinicians felt a specific patient position was required for the safe performance of the procedure (Fig 1) .
Randomization
Patients were randomized to the ramped position or the sniffing position in a 1:1 ratio using computer-generated blocks of 4, 8, and 12, stratified by study site. Group assignments were placed in sequentially numbered opaque envelopes, which remained sealed until the decision was made that a patient qualified for the study.
Study Treatments
For patients assigned to the ramped position, electronic bed controls were used to elevate the head of the bed to 25 , keeping the lower half of the bed parallel to the floor (e-Appendix 1). The patient's occiput was positioned on the superior edge of the mattress such that the patient's face was roughly parallel to the ceiling.
For patients assigned to the sniffing position, the entire bed remained horizontal while folded blankets or towels were placed beneath the patient's head and neck to flex the neck relative to the torso and to slightly extend the head relative to the neck. In the sniffing position group, elevation of the shoulders or torso was not permitted.
A detailed description of the ideal positioning in each study group was available to operators throughout the trial (e-Appendix 1), and a pictorial demonstration of both positions was present during every intubation. Clinicians and study personnel were not blinded to group assignment.
Data Collection
Data collection during intubation was performed by independent observers not involved with the performance of the procedure. The accuracy of data collection by the independent observers was confirmed by concurrent assessment of the same outcomes by the primary investigators for a convenience sample of 10% of study intubations.
Cormack-Lehane grade of glottic view, 28 subjective difficulty of intubation, and airway complications during the procedure were reported by the operator. Data on baseline characteristics, pre-and postlaryngoscopy management, and clinical outcomes were collected from the medical record by study personnel.
Study Outcomes
The primary outcome was the lowest arterial oxygen saturation measured by pulse oximetry (SpO 2 ) between induction and 2 minutes after successful endotracheal tube placement (lowest arterial oxygen saturation). Prespecified secondary outcomes (e-Appendix 3) included the incidence of hypoxemia (SpO 2 < 90%), severe hypoxemia (SpO 2 < 80%), desaturation (an absolute decrease in SpO 2 > 3%), Cormack-Lehane grade of glottic view, 13 operator-reported difficulty of intubation, number of laryngoscopy attempts, and time from induction to successful intubation. 29 
Statistical Analysis
Complete details of the prespecified statistical analysis plan 29 are available in e-Appendix 3. Assuming an SD in lowest arterial oxygen saturation of 14%, enrollment of 260 patients provided 80% statistical power at an a level of 0.05 to detect an absolute difference between groups in lowest arterial oxygen saturation of 5%-the minimum difference considered clinically meaningful in prior studies. 1, 2, [30] [31] [32] [33] Categorical variables were reported as frequencies and compared using Fisher exact test or c 2 test. Continuous variables were reported as median and interquartile range (IQR) and compared with the Mann-Whitney rank-sum test. Agreement between the two methods of measurement was examined using Spearman rank correlation coefficient and Bland-Altman analysis.
The primary analysis was an unadjusted, intention-to-treat comparison of patients randomized to the ramped position vs the sniffing position regarding the primary outcome of lowest arterial oxygen saturation.
Four prespecified secondary analyses were performed. The first was the effect of the intervention on secondary and tertiary outcomes. The second was the effect of the intervention on the primary outcome relative to prespecified patient and procedural characteristics (SpO 2 , FIO 2 , SaO 2 /FIO 2 ratio, and receipt of noninvasive ventilation in the 6 hours prior to intubation; SpO 2 at induction; BMI; MACOCHA score; use of video laryngoscopy; and operator's prior intubating experience) as assessed by statistical tests of interaction intubated supine for cervical instability intubated ramped for intracranial hemorrhage intubated ramped for severe hypoxemia intubated sitting upright for aspiration 6 were felt to require a specific position Figure 1 -Enrollment, randomization, intervention, and analysis.
(subgroup analyses). The third was the comparison of the primary outcome between patients who received the sniffing position and those who received the ramped position (per-protocol analysis). The fourth was the linear regression modeling of the relationship between group assignment and the primary outcome after accounting for prespecified covariates (e-Appendix 3).
In sensitivity analyses, missing data for the primary outcome were imputed using the oxygen saturation at induction, a value of 100% in the ramped position group and 0% in the sniffing position group, and vice versa. A two-sided P value < .05 determined significance. Analyses were performed using SPSS Statistics v.24 (IBM) or R version 3.2.0 (R Foundation for Statistical Computing).
Results
Baseline Characteristics
Of 311 ICU patients intubated by fellows during the study period, 260 met no exclusion criteria and were enrolled (Fig 1) . Patients randomized to the sniffing position (n ¼ 130) and the ramped position (n ¼ 130) were similar at baseline (Table 1, e-Tables 1 and 2) . Sepsis, altered mental status, and pneumonia were the most common active medical conditions, and hypoxemic respiratory failure was the indication for almost 60% of intubations (e- Table 3 ). The sniffing and ramped position groups were similar regarding preintubation difficult airway characteristics, method of preoxygenation, oxygen saturation at induction, induction agent and neuromuscular blocker, and choice of laryngoscopy device (Table 1, e-Tables 4  and 5 ).
Patient Position
One patient assigned to the sniffing position was intubated in the ramped position, and two patients assigned to the ramped position were intubated in the sniffing position (Fig 1) . Among the convenience sample of 35 intubations observed by the primary investigators, the median angle of the head of the bed in the sniffing position group was 0 (IQR, 0 -0 ) compared with 25 (IQR, 23 -25 ) in the ramped position group (P < .001).
Airway Management
Operator-reported Cormack-Lehane grade of view and ease of intubation were better with the sniffing position than the ramped position (Fig 2, Table 2 ). Successful intubation on the first attempt was more common in the sniffing position group (85.4% vs 76.2%; P ¼ .02). Fewer patients in the sniffing position group required use of an endotracheal tube introducer (bougie) (6.2% vs 19.2%; P ¼ .002) or a second laryngoscopy device (6.2% vs 16.2%; P ¼ .01).
Rates of repositioning after induction, aspiration, and esophageal intubation did not differ between groups (e- Table 6 ).
Primary Outcome
The median lowest arterial oxygen saturation during the procedure did not differ between the sniffing and ramped position groups (92%; IQR, 79%-98% vs 93%; IQR, 84%-99%, respectively; P ¼ .27) (Fig 3, Table 2 ). In multivariable regression adjusting for prespecified covariates, patient position did not impact the lowest arterial oxygen saturation (e- Table 7 ). Agreement was strong between values for lowest arterial oxygen saturation recorded concurrently by the independent observers and the primary investigators (Spearman R 2 ¼ 0.998 in the convenience sample of 35 patients; P < .001) (e -Fig 1) . 
Secondary Analyses
The sniffing and ramped position groups did not differ regarding secondary oxygenation outcomes, hemodynamic outcomes, or clinical outcomes (Table 2 , e- Table 6 ).
Although the point estimate for lowest oxygen saturation appeared to favor the ramped position among patients with lower SpO 2 and higher FIO 2 prior to induction, there was no statistically significant difference between the sniffing and ramped positions in any of the prespecified subgroups (e -Fig 2, Fig 4) . Grade of glottic view, difficulty of intubation, and number of attempts were worse with the ramped position than the sniffing position across the full range of BMIs (e -Fig 3) . In a post hoc analysis, the operator's prior number of intubations in the assigned position during the trial did not modify the effect of the assigned position on procedural outcomes (e -Fig 4) . Similarly, in a post hoc analysis of the 192 (73.8%) intubations for which the operator's self-reported number of prior intubations in the ramped position was available, the operator's prior experience with the ramped position did not modify the effect of patient position on lowest oxygen saturation (P value for interaction ¼ .90), grade of view (P value for interaction ¼ .20), or number of laryngoscopy attempts (P value for interaction ¼ .23). There was no interaction between use of a written preintubation checklist and assigned patient position regarding lowest arterial oxygen saturation (P value for interaction ¼ .94).
Three patients in each arm of the study were missing values for lowest arterial oxygen saturation. In sensitivity analyses imputing the missing values as described in the Methods section, there remained no differences between the ramped and sniffing positions.
A per-protocol analysis comparing patients intubated in the sniffing position (n ¼ 131) with patients intubated in the ramped position (n ¼ 129) demonstrated no difference between groups in lowest oxygen saturation but did demonstrate better grade of view, easier intubation, and fewer laryngoscopy attempts with the sniffing position (e- Fig 5, e-Tables 8 and 9 ).
Discussion
This multicenter, randomized trial comparing the ramped position with the sniffing position during endotracheal intubation of critically ill adults found that the ramped position did not significantly increase the lowest arterial oxygen saturation. The ramped position appeared to worsen glottic view and increase the number of attempts required for successful intubation.
Patient Position and Procedural Outcomes
All prior controlled trials of patient positioning during endotracheal intubation occurred in the operating room. Three crossover studies of patients undergoing elective surgery, 12, 23, 24 one trial during bariatric surgery, 11 and Our trial found that the ramped position worsened glottic view and increased the number of attempts required for successful intubation. There are several potential explanations for these discordant results.
Operator experience [34] [35] [36] may affect the ease of laryngoscopy in a given position. In several prior studies, all intubations were performed by one or two senior anesthesiologists at a single center. 11, 20 Our trial involved 30 operators across multiple centers, with the average operator having performed 60 previous intubations. Therefore, our findings may generalize to settings in which airway management is performed by trainees, but whether results would be similar among Figure 2 and e- Table 6 for additional procedural outcomes. The distribution of ventilator-free days and ICU-free days was similar overall between study groups. A total of 53% of patients in the sniffing position group, however, experienced zero ventilator-free days and ICU-free days, resulting in a median value of 0. A total of 43% of patients in the ramped position group experienced zero ventilator-free and ICU-free days.
expert operators remains unknown. Similarly, whether the same results would be seen in a population of operators whose prior intubating experience was predominantly in the ramped position remains unknown.
Although the technique used to achieve the ramped positioning in our trial mirrored that of prior studies, 12, 20, 37 almost one-half of the patients in our trial had altered mentation, and maintaining ideal head and neck positioning may have been more challenging than with patients undergoing elective surgery. 11, 12, 16, 23, 24 Similarly, the design of an ICU bed differs from that of an operating room table. Access to the patient's head and airway may be more easily obtained with an operating room table in the ramped position than an ICU bed in the same position.
Patient Position and Oxygenation
Four randomized trials have compared the ramped position with the sniffing position regarding desaturation. [19] [20] [21] [22] In each study, 25 to 50 patients undergoing elective surgery were placed in either the ramped or supine position and intubated. After intubation, the endotracheal tube was disconnected, and the time required for the patient's oxygen saturation to fall below 92% to 95% was recorded. This "duration of apnea without desaturation" ranged from 1 minute to > 10 minutes and was at least 30 seconds longer with the ramped position in each study.
Our trial differs from these prior studies in both design and patient population. Our primary outcome of lowest arterial oxygen saturation is an established end point in ICU intubation trials 1, 2, 32, 33 and is linked to periprocedural cardiac arrest and death. 3 In contrast, "duration of apnea without desaturation" has never been examined outside of the operating room, and its applicability to emergent intubation is unknown. Patients in prior trials were all undergoing elective surgery, and those with cardiopulmonary disease were deliberately excluded. [19] [20] [21] [22] Preoxygenation may have been better in the operating room than during our trial in the ICU, in which less than one-half of patients underwent noninvasive ventilation for preoxygenation 1 and 25% had an oxygen saturation < 95% at induction. Moreover, the effect of the ramped positioning on ventilation-perfusion matching and functional residual capacity may be greater among patients undergoing elective surgery with normal lung function than among critically ill adults. Alternatively, the ramped position may actually have improved patients' pulmonary function in our trial-as suggested by trends in favor of the ramped positioning among patients with more severe preintubation hypoxemia-but any benefit in pulmonary function was counterbalanced by duration of intubation in the ramped position, resulting in no overall difference in oxygenation between groups.
Strengths and Limitations
To our knowledge, our study is the largest trial comparing the ramped position with the sniffing position during intubation and the first to examine patient positioning during intubation outside of the operating room. The study design included randomization to balance baseline confounders, concealed allocation to prevent selection bias, conduct at multiple centers to increase generalizability, and collection of study end points by an independent observer to minimize observer bias. Rates of protocol noncompliance and missing data were low.
Our study also has limitations. The nature of the study intervention did not allow blinding. We excluded patients experiencing cardiac or respiratory arrest. Despite moderate size, our trial was not powered to detect differences in specific patient subgroups, such as those with severe hypoxemia. Because the only aspect of The mean and 95% CI for the primary outcome of lowest arterial oxygen saturation is displayed relative to BMI for patients in each study group. (B) The mean difference in lowest arterial oxygen saturation (%) between the ramped position and the sniffing position is given for patients in prespecified subgroups present at the time of induction. Vertical bars represent the 95% CI around the mean difference. P values for the interaction between study group assignment and each variable were all > .10, except for oxygen saturation at the time of induction (P value for the interaction ¼ .08). BiPAP ¼ bilevel positive airway pressure; FIO 2 in 6 hours prior ¼ highest fraction of inspired oxygen in the 6 hours before intubation; MACOCHA ¼ "Mallampati score III or IV, apnea syndrome (obstructive), cervical spine limitation, opening mouth < 3 cm, coma, hypoxia, anesthesiologist nontrained" score which predicts difficulty of endotracheal intubation in the ICU on a scale from 0 (easy) to 12 (very difficult). 4 Values for the MACOCHA score were calculated immediately prior to induction for those patients randomized to a written preintubation checklist as part of the factorialized design; SpO 2 in 6 hours prior ¼ lowest noninvasively measured arterial oxygen saturation in the 6 hours before intubation.
the intubation procedure our study controlled was patient position, our ability to examine the interaction between patient position and other procedural factors (eg, video laryngoscopy, shape of the laryngoscope blade) is limited. Finally, our study controlled patient position only during intubation and does not inform the optimal position for preoxygenation.
Conclusions
Ramped positioning of critically ill adults during endotracheal intubation does not appear to significantly improve oxygenation compared with intubation in the sniffing position. Ramped positioning may worsen glottic view and increase the number of attempts required for intubation.
